Abstract: Precision agriculture is increasingly used where in-field spatial variability exists; however, the benefits of its use in humid climates are less apparent. This paper reports on a cost-benefit assessment of precision irrigation with variable rate technique (VRI) versus conventional irrigation, both compared to rainfed production, using a travelling hose-reel irrigator fitted with a boom on onions in eastern England. Selected environmental outcomes including water savings and CO 2 e emissions are evaluated. The modelled precision irrigation system, which responds to soil variability, generates better environmental outcomes than the conventional system in terms of water savings and reduced CO 2 e emissions (22.6% and 23.0% lower, respectively). There is also an increase in the 'added value' of the irrigation water used (£3.02/m 3 versus £2.36/m 3 ). Although precision irrigation leads to significant financial benefits from water and energy savings, these alone do not justify the additional equipment investment costs. However, any changes in yield or quality benefits, equipment costs or greater soil variability than on this site would make investment in precision irrigation more viable.
The potential benefits of managing crops using variable rate irrigation (VRI) techniques include financial and environmental benefits obtained as result of higher water use efficiency, energy savings and increased marketable yield and/or crop quality (Hoffman, Martin 1993; Bongiovannim, Lowenberg-Deboer 2004; Ghinassi 2010; McClymont et al. 2012) . Nevertheless, the rate of adoption of these technologies has been slower than predicted (McBratney et al. 2005; Hedley et al. 2014) . One constraint is the limited number of economic and environmental assessments (Robertson et al. 2007; Smith et al. 2010; Evans, King 2012; Evans et al. 2013) . While available literature indicates that other precision technologies can contribute in many ways to long-term environmental and economic sustainability of many agricultural practices e.g. seeding, weeding, pest control (Bongiovanni, Lowenberg-Deboer 2004; Pedersen et al. 2006) ; published research on the economic benefits of precision irrigation is relatively limited, and what is available shows conflicting results. This is at least partly due to the diversity of factors affecting the systems, many of which have been discussed in previous studies (Almas et al. 2003; Evans, King 2012; Evans et al. 2013) , such as in-field and soil variability and the optimal irrigation management zones (IMZ) size, agroclimate, crop value, economies of scale and the useful lifespan of the equipment.
In England the value of irrigated production represents around 20% of the total crop output (EA 2007) , which amounted in 2014 at 19.3 billion pounds (Defra 2015) . The dominant irrigation systems are hose-reel irrigators fitted with either rain-guns or booms (Weatherhead 2007) , used on 93% of irrigated agricultural land (Defra 2011) . However, water resources are increasingly scarce, with many catchments over-abstracted, and the government is keen to reduce water use, including funding research into precision irrigation.
Nevertheless, only a few studies have assessed the viability of VRI in humid climates such as in northern Europe. Hedley et al. (2009 Hedley et al. ( , 2011 modelled the water saving benefits of switching to VRI on linear move sprinkler and centre-pivot systems in three different case studies in New Zealand under different cropping patterns. Despite the high water savings of between 19% and 26%, the authors did not estimate the economic benefits and financial viability of adopting VRI. Similarly, Daccache et al. (2015) examined the technical, agronomic and engineering challenges of applying PI to potato production in the UK, but did not examine the financial aspects.
The objective of this paper was to address this gap in understanding regarding the economics and environmental benefits of precision irrigation with VRI using a travelling hose-reel irrigator fitted with a boom in a humid climate. The research involved the integration of modelling techniques, an approach previously used in the literature to deal with variable application technology in precision agriculture (Hedley et al. 2011; Turker et al. 2011; Ahmad et al. 2012) . We established the costs and benefits of conventional and precision irrigation applied to onions (Allium cepa) in Eastern England, compared to rainfed production, taking into account agroclimate and soil variability. Selected financial and environmental indicators on the life cycle of the investment were determined, following the framework suggested by El Chami et al (2015) and El Chami and . Finally, a sensitivity analysis was undertaken to assess the effects of variation in selected production factors.
MATERIAL AND METHODS
The experimental field modelled was previously used as a case study by Pérez-Ortolá et al. (2015) with a total area of 33.9 ha and located in Norfolk (latitude 52.61°N; long 0.56°E; 75 m a.s.l.). Laboratory analysis of 15 soil samples randomly selected from the experimental field showed a free-draining sandy loam Breckland soil (Table 1) , slightly alkaline (pH 8.5), with a water content around 10% (Cranfield University 2013). The field was cultivated with spring-sown onion sets (cv. ' Arthur') on (EA 2013) . Irrigation is applied using a travelling hose-reel irrigator feeding a 64 m wide boom irrigating a 72 m wide strip, with 22 sprinklers (including 2 end impact sprinklers) distributing water at low pressure in fine drops directly above the crop. This type of hose-reel system is simple and easy to operate; they have low labour requirements, are built from long lasting components and require relatively low maintenance. The field presents relatively low soil heterogeneity; for this study we divided the field into three irrigation management zones (IMZs) based on the results of soil electro-magnetic (EMI) scanning: IMZ 1, a sandy soil, represents 70% of the field area, while IMZ 2, a sandy loam, and IMZ 3, a loamy sand, each represents 15% of the field area, respectively. The boom system modelled was adapted for VRI using individual remotely controlled solenoid valves on each sprinkler, a technology that previously described in the literature both for centre-pivot and linear move systems (Chávez et al. 2010a, b) . Each sprinkler was programmed to turn on/off, or pulse as required depending on the spatial variation in irrigation water requirements. The use of pulsed sprinklers allows the irrigation rate to be varied across the boom, in contrast to the simpler approach of varying only the pull-in speed, which only allows variation along the direction of travel.
Irrigation water requirement (IWR) and attainable yield. The daily weather data series used in this modelling were from Brooms Barn experimental station over the 20 years period 1992 to 2011. These data included daily rainfall, reference evapotranspiration (ET 0 ) and maximum and minimum temperature. The FAO crop model AquaCrop (Doorenbos, Kassam 1979; Steduto et al. 2009 ) was used to calculate the irrigation water requirements and attainable yield of onions, as a function of water consumption, for the historical weather data and three soil types. AquaCrop has been previously calibrated and validated for onion crops in the UK by Pérez-Ortolá et al. (2015) . They advised an irrigation schedule that raises the soil to field capacity whenever the soil moisture deficit reaches 50% of the readily available water (RAW) before the "bulbing" period and 60% after "bulbing".
Financial investment appraisal. A financial investment appraisal (FIA), using discounted cash flow analysis, was carried out to study the different costs and benefits under conventional irrigation (CI) and precision irrigation (PI), compared to rainfed production, and the profits of each investment from the point of view of a private individual or organisation. The production costs outside irrigation are almost identical for rainfed, CI and PI irrigated onion production, and hence are not included in this paper. Irrigation costs include the initial capital costs, the variable costs of applying the irrigation, the annual charges for water abstraction. These costs all vary with the irrigation water requirements and the type of application system (Morris et al. 2017) , as well as location. The capital cost of the irrigation systems and precision technology was calculated here based on market figures for similar equipment from a major local equipment supplier (updated for 2014 prices), Briggs Irrigation UK. To obtain an annualised cost, the capital cost was discounted over its assumed useful life (n = 10 years) at a real interest rate of 6%. The additional capital costs for using precision technology relate to the initial mapping of soil properties (using an EMI scanner in this case), the control systems for the sprinklers and the additional soil moisture probes. The number of probes required in turn relates to the heterogeneity of the soil in the field. The fixed costs also include insurance and maintenance, estimated at 1% per annum each. Variable costs related to applying the water e.g. labour costs, tractor usage and the diesel consumption for pumping and for tractor usage, were calculated by updating figures from an economic study in the region by Ahodo (2012) .
The annual water abstraction charges (AC) in England in 2013/14 were the sum of the standard charge (calculated under a two-part tariff ) plus an environmental compensation charge (added by the regulator for the recovery of compensation costs associated with the revocation or variation of abstraction licences which are causing environmental damage). Under the two-part tariff, half the standard charge is based on the authorised max. annual quantity specified in the license (V M ), modelled here as the water requirement in a dry year under each system. The other half is based on the volume actually abstracted (V A ). The compensation
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Horticultural Science (Prague), 46, 2019 (1): 43-52 Original Paper charge is based on the maximum licensed quantity. Unit rates for groundwater abstraction in the Anglian Region in 2013/14 were applied; these range between £0.001/m 3 and £0.154/m 3 depending on the proportion "lost" (i.e. not returned to a water source), the season of abstraction (summer, winter, all year), and whether the flow is supported (e.g. by pumping or reservoir releases), unsupported or tidal (EA 2013) . For this site, the abstraction is classified as high loss, unsupported summer abstraction resulting in average water charges of £0.083/m 3 . Seasonal water storage (e.g. reservoirs) was not required at this site due to the reliable water supply.
An expanding branch of science has estimated the potential costs of climate change expressed as the "Social Cost of Carbon", defined as the damages caused by each additional ton of carbon dioxide (CO 2 ) released into the atmosphere (Ackerman, Stanton 2010), and accounting for the other greenhouse gases by using the "carbon dioxide equivalents". To include this cost in the variable costs, we converted the volume of diesel used by the pump and tractor into Global Warming Potential (GWP in t CO 2 e) (Defra 2013a) and multiplied it by non-tradable prices of carbon (average price over 10 years: £0.06/kg CO 2 e) obtained from DECC (2011).
Financial and environmental indicators. The discounted cash flow analysis assessed selected economic indicators useful for stakeholders' decision making: Net Present Value (NPV in £), Internal Rate of Return (IRR in %), Benefit-Cost Ratio (BCR) and Break-Even Point (B-E in ha). Other indicators calculated related to the effect of the greenhouse gases, the Global Warming Potential (GWP in t CO 2 e/ha), as well as some water related indicators defined by Hsiao et al. (2007) and Knox et al. (2011) Sensitivity analysis. Modelling tools are very useful for decision-making, but they can hide a lot of uncertainty related to the system they represent and associated to the assumptions and methods of analysis. Sensitivity analysis helps determine which parameters are the key drivers of a model's results and highlights the impact that changes in these parameters will have on the output. The focus of the sensitivity analysis here was to determine the influence of changes in the main input parameters on the benefit ratio y (y = Benefits of PI/Benefits of CI). Having identified the most sensitive parameters, we then adopted the traditional method of examining sensitivity based on derivatives of f (.) evaluated at some "baseline" (or central estimate) x i = x 0 which indicates how the benefit ratio (y) will change if the baseline input values are slightly perturbed. This method has the advantage of giving a quantitative value of the change in the ratio (y).
RESULTS
This section describes firstly the calculation of irrigation water requirements and attainable yield under variable rate and uniform rate of irrigation, then the costs and benefits of these practices compared to the rainfed production and finally the selected economic and environmental indicators. We compare both precision and conventional irrigation against the rainfed production because this gives a comparative image of the returns from each irrigation technique.
Irrigation water requirement (IWR) and attainable yield
The irrigation water requirements of onion over the past 20 years (from 1992 to 2011) were modelled ranked and plotted against the rainfed and irrigated yield (Fig. 1) . The analysis is presented for three different types of 'weather year' , based on those ranked irrigation needs, plus the 'overall mean' values:
-'Wet years' , based on the means of the 25% with lowest irrigation need; -'Normal years' , defined as the means of the central 50% years ranked on irrigation need; -'Dry years' , based on the means of the 25% with highest irrigation need; -'Overall mean' , showing the means calculated across all 50 years.
The modelled irrigation water requirements (IWR) and the rainfed and irrigated yields for both precision and conventional irrigation and for each of these climate years and the 'overall mean' are shown in Table 2 for each IMZ.
To estimate the actual water applied under conventional irrigation we assumed the modelled requirements for the sandy loam soil, representing the "driest" part of the field (i.e. with the highest IWR) would be applied to the whole field. In contrast, for precision irrigation we assumed the modelled requirement was
46

Original Paper
Horticultural Science (Prague), 46, 2019 (1): 43-52 applied to each IMZ; the average water need is then the sum of the water need per IMZ multiplied by the proportion of the area that IMZ represents. Only net volumes were considered; losses were assumed to be similar under each system. The modelled yield of the rainfed crop is lowest for the years with highest irrigation need, and hence highest water stress, as expected. The small fluctuations seen in the irrigated yield partly reflect temperature variations rather than changes in water stress. The irrigated yield was therefore assumed here to be the same under both conventional and precision irrigation for the economic analysis; any additional yield and/or improved crop quality from PI would be an additional benefit.
Financial investment appraisal
The capital cost of the basic hose-reel irrigation system for conventional irrigation was calculated at £286/ha when expressed as an annual charge. The sensing technology, control and EMI scanning costs add a further £101/ha and £199/ha per annum for CI and PI, respectively.
The overall mean annual abstraction charges amounted for £149/ha and £114/ha for CI and PI respectively, with an inter-annual variation depending on the weather year (Fig. 2) . The variable costs of the irrigation system (pumping, labour and tractor use) were £167/ha and £153/ha respectively, and the estimated social cost of carbon were £16/ha and £13/ha respectively. These figures varied according to the weather year. The variations in the abstraction, application and SCC costs reflect both the higher water usage in drier years for both systems and the smaller quantity of water needed for the precision irrigation system. Thus, the overall mean total costs were £720/ha and £766/ha for CI and PI, respectively. Hence, despite savings in water and energy, the modelled precision irrigation system was more expensive overall. The results also show that capital costs dominate in both systems, in all types of weather year.
The marketable yield was estimated by dividing the dry matter yields (DM) generated by the model by 13%, based on laboratory analysis of onions from the experimental field (Pérez-Ortolá et al. 2015) . For irrigated onions, the marketable yield was multiplied by the onion price considered at £170/t, which is the average historical market price in the UK between 2003 and 2012 at the farm gate (Defra 2013b ). We reduced the price for the rainfed crops to allow for the lower quality, by 24% in a dry year, 17% in an average year and 10% in a wet year, based on previous research by Morris et al. (1997) . We also deducted the additional costs for harvest, curing and storage of the additional yield, estimated at £40/t (pers. comm.). Finally, the costs and benefits of conventional and precision irrigation are compared, and the net profits were estimated (Table 3) . Results show that the net profits from precision irrigation are still below those from conventional irrigation by about 0.7% overall.
Financial and environmental benefits
The resulting financial and environmental indicators are shown in Table 4 . Even though the financial indicators show a slight advantage for conventional irrigation over precision irrigation, the environmental indicators show clearly the positive externalities generated using precision irrigation, reflecting the reduced water usage (22.6% lower in PI) and consequently the higher Irrigation Use Efficiency (IUE). The added value of the water applied (AVW) increases from £2.4/m to £3.0/m, while the global warming potential in terms of CO 2 e emissions is 23.0% lower for PI.
Sensitivity Analysis
The parameters that have a high impact on the benefit ratio y (Benefits PI/Benefits CI) are yield difference (Yield under PI/Yield under CI) and difference in irrigation water requirements (IWR under PI -IWR under CI) . A 1% increase in yield under precision irri-
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DISCUSSION
Fitting precision irrigation technology to mobile irrigation systems such as hose-reels raises several issues. In the UK, a typical crop rotation would include both irrigated and non-irrigated crops (e.g. wheat). There are thus benefits from the hose-reel's mobility compared to fixed pivot systems in that the equipment can follow the irrigated crops around the farm, avoiding the rotational impacts on financial viability noted by King et al. (2006) . However, it does complicate the control system required, as the boom must be aware of its position relative to the IMZs. It is also necessary to undertake the soil mapping for each field in the rotation. A fairly simple form of PI was modelled here, which responds only to soil type. A more complex system relating to real-time soil moisture or crop stress measurements would require more complex sensors and controls.
In this study, both forms of irrigation were shown to be considerably more beneficial financially than IMZ -irrigation management zones gation compared to conventional irrigation increases the benefit ratio by 2.9%, while a 25% reduction in water use has only minor impact (Table 5 ). The final sensitivity analysis was to test how the benefit ratio (y) responds to the change in soil variability (Table 6) , so ten different scenarios (Case) with different variability rates where hypothesised. Much of the literature reviewed suggested a correlation between viability of PI and soil variability (Marek et al. 2001; Almas et al. 2003) . The model was run with different soil com-
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Horticultural Science (Prague), 46, 2019 (1): 43-52 Original Paper rainfed production of onions. The appraisal (Table 3) showed that the financial benefits for conventional irrigation are still slightly higher overall than for precision irrigation, particularly in the wetter years when water use is lowest. This supports the common-sense observation that investments in PI are more justified in drier regions and for crops where water use is highest. The financial and environmental advantages of adopting precision irrigation rather than conventional irrigation considered here are in terms of water savings and reducing CO 2 e emissions. Both are around 20% lower for PI compared to CI. These results are in general accordance with Evans and King (2012) who reported water savings of 0% to 26% from different case studies across the USA, and Al- Kufaishi et al. (2006) who showed under similar climate conditions, precision agriculture is the best option for water conservation in a sugar-beet field in Germany.
In this study the attainable yield was deliberately assumed to be the same under both CI and PI. In contrast, Lu et al. (2005) showed in South Carolina (USA) under PI that corn yield could increase by between 1.7% and 2.2% depending on the irrigation scheduling, compared to CI; and Simmonds et al. (2013) estimated a 7.1% to 14.5% increase in yield in rice systems under precision management in California (USA). A similar increase would make PI in this case study financially viable, as shown by the sensitivity analysis in Table 5 . This could be further enhanced by crop quality and consistency benefits due to the reductions in water stress (from both under-watering and over-watering) in the different IMZs, and resultant increases in crop price, storability and saleability.
Similarly, the water has been costed here in terms only of abstraction charges and application costs. Under water scarcity constraints, which are becoming increasingly common in the UK, the opportunity cost of water can be very much higher. Many irrigators are now constructing farm reservoirs for water shortage; Morris et al. (2014) calculated this adds around £0.18/m 3 to the cost, which would make the water savings much more valuable. Furthermore, the value of water saved for use on competing crops, such as potatoes, can be as high as £1.50/m 3 (Morris et al. 2014) . Hence the benefits in water scarce catchments and on farms with limited access to water resource are significantly higher, albeit very farm specific and difficult to evaluate precisely.
We have made no allowance for climate change in the IWR modelling. Previous studies (Daccache et al. 2012 ) have suggested both higher IWR and larger areas of high value crops will need irrigating in the UK in future, which would also further increase water scarcity, and hence raise the benefits of PI. More experimental research is required to collect and evaluate data on yield and quality benefits, and more farm modelling is required to evaluate site specific benefits.
This analysis has a few inherent limitations. First of all, the AquaCrop model does not consider yield reduction due to water stress from over-irrigation, as might occur in some parts of a conventionally irrigated field; however, these would be minimal in the well-drained soil assumed. We have not considered any additional management costs for precision irrigation; these should be fairly minor for this system that responds only to the pre-mapped IMZs, whereas more interactive precision systems, e.g. responding to on-going crop development, would have significant additional management costs. The division into three IMZs was also arbitrary, and the number and limits of each zone could perhaps be optimised. Selecting the market value for the onions is problematic. It was taken here as the average price between 2003 and 2012, at £170/t. In that time, it has oscillated from £86/t in 2005 to £300/t in 2010 and back to £161/t in 2012. A more fundamental limitation, which also applies to all the previous modelling studies, is that the conditions and the irrigation within each IMZ have been assumed to be uniform. In practice, there will still be non-uniformity in the field, as it is impossible to apply the exact volume of water and uniformly within each IMZ boundary. Together, these limitations may reduce the advantages of precision irrigation, though it is very difficult to estimate by how much.
CONCLUSIONS
This study integrated modelling tools to simulate the benefits of precision irrigation (PI) and conventional irrigation (CI), compared to rainfed production, for an onion crop grown in a typical humid climate (East of England, UK) using a hose-reel fitted with a boom system. Aquacrop was used to simulate IWRs and corresponding yields for three different soil types (Sandy, Sandy Loam and Loamy Sand). We considered three IMZ in-field (not optimised) and weighted the IWRs and yields with the corresponding percentage areas. The modelling indicated significant water savings and energy saving
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Horticultural Science (Prague), 46, 2019 (1): 43-52 benefits from precision irrigation. These alone do not cover the additional operating costs. However, crop yield or quality benefits, higher water savings and/or greater soil variability would make investment in precision irrigation more viable. Optimisation of the precision irrigation system management could also give significant improvements. Given the promising environmental benefits in terms of water saving and CO 2 emission reduction, more studies are recommended to inform farmers, who are the potential users of this technology in the future, and policy makers, who are obliged under the EU Water Framework Directive (EU-WFD) to implement measures to reduce water use. This study can provide a useful framework for future evaluations.
